Brain serotonin (5-HT) has been implicated in a number of physiological processes and pathological conditions. These effects are mediated by at least 14 different 5-HT receptors. We have inactivated the gene encoding the 5-HT 1A receptor in mice and found that receptor-deficient animals have an increased tendency to avoid a novel and fearful environment and to escape a stressful situation, behaviors consistent with an increased anxiety and stress response. Based on the role of the 5-HT 1A receptor in the feedback regulation of the 5-HT system, we hypothesize that an increased serotonergic neurotransmission is responsible for the anxiety-like behavior of receptor-deficient animals. This view is consistent with earlier studies showing that pharmacological activation of the 5-HT system is anxiogenic in animal models and also in humans.
Brain serotonin (5-HT) is implicated in the control of a wide variety of physiological processes such as nociception, cardiovascular function, and thermoregulation, as well as in different behavioral processes including feeding, aggression, and response to stress (reviewed in refs. [1] [2] [3] [4] [5] . The 5-HT system also appears to be involved in the etiology of neuropsychiatric disorders such as depression and anxiety (reviewed in refs. 6 and 7). In recent years, our understanding of the physiological and pathological aspects of the 5-HT system has benefited from the identification, classification, and more recently the cloning of the 5-HT receptor subtypes (8) . Among the receptor subtypes that have received the most attention is the 5-HT 1A receptor (5-HT 1A R). This was because of the availability of 5-HT 1A R agonists and the implication of the 5-HT 1A receptor in anxiety (6, 9) .
The 5-HT 1A R, like most of the 5-HT receptors, belongs to the superfamily of G-protein coupled receptors (10, 11) . It is negatively coupled to adenyl cyclase. Brain 5-HT 1A R is located both pre-and postsynaptically. Presynaptic 5-HT 1A R is found mainly in the dorsal and median raphe nuclei. Activation of these receptors by agonists causes a reduction in the firing rate of serotonergic neurons (12) (13) (14) and leads to the suppression of 5-HT synthesis, 5-HT turnover, and 5-HT release in the diverse projection areas (15, 16) . Postsynaptic 5-HT 1A R is found in limbic regions (such as hippocampus and septum) and in some cortical layers. As in the case of presynaptic receptors, activation of postsynaptic 5-HT 1A R is generally believed to induce a decrease in the firing rate of the postsynaptic cell (14) .
The 5-HT 1A R has been extensively studied by pharmacological methods. Activation of the receptor by agonists results in an anxiolytic effect (17, 18) . Correlations were found among the time and dose dependency of the anxiolytic effect, the inhibition of serotonergic firing in the dorsal raphe nuclei, and the inhibition of 5-HT release after systemic administration of agonists (19, 20) . The 5-HT 1A R partial agonist buspirone and a series of congeners also produce this neurochemical effect and are used clinically for the treatment of anxiety (9) . Based on these findings, it has been proposed that 5-HT 1A R agonists stimulate presynaptic receptors, which inhibit 5-HT release and consequently reduce 5-HT signaling at a multitude of diverse target receptors (18) . These may include 5-HT 2A , 5-HT 2C , and 5-HT 3 receptors, because selective antagonists acting on these receptors have been suggested to be anxiolytics (18, 21) . Because of the role of presynaptic 5-HT 1A R in regulating the 5-HT system, blockade of the receptor by antagonists is expected to increase central 5-HT function. Indeed, electrophysiological studies showed that the 5-HT 1A R antagonist WAY-100635 induced an increased firing of serotonergic neurons (22) . However, microdialysis studies showed no detectable increase of 5-HT neurotransmission by 5-HT 1A R antagonists under normal conditions (23) . When administered with selective 5-HT reuptake inhibitors, 5-HT 1A R antagonists augment 5-HT levels in terminal regions (24) . At the behavioral level, the effect of 5-HT 1A R antagonists is controversial. Antagonists, such as pindolol, exhibit a biphasic dose-response curve with an initial anxiolytic effect that converts to an anxiogenic effect at high doses (25, 26) . However, pindolol is also an adrenoreceptor antagonist, and this activity may confound the drug's effect on the 5-HT 1A R (27) . The more selective 5-HT 1A R antagonist, WAY-100635, induced anxiolytic-like effects in the light͞dark box anxiety model with no anxiogenic effect at high doses (28) .
Because buspirone is a clinically effective antidepressant, the 5-HT 1A R has also been associated with depression (9) . Depressed patients show blunted HPA (hypothalamicpituitary-adrenal)-axis responses following 5-HT 1A R agonist challenge, which can be interpreted as downregulation or hyporesponsiveness of postsynaptic 5-HT 1A R (29) .
Because the 5-HT 1A R has been associated with anxiety and depression, receptor-deficient mutant mice could provide important information on predisposition toward these conditions. Here we show that mice lacking the 5-HT 1A R avoid a novel and fearful environment and vigorously attempt to escape stressful situations, behavior consistent with an increased anxiety and stress response.
MATERIALS AND METHODS
Generation of 5-HT 1A R-Deficient Animals. The gene for the 5-HT 1A R was cloned from a BALB͞c mouse genomic library (30) . Construction of the targeting vector (Fig. 1A) , electroporation of the targeting vector into E14 embryonic stem (ES) cells, and selection of the targeted clones were carried out by standard procedures (31) . Correctly targeted cell clones were identified by a nested PCR assay (32) that could amplify a fragment from the substituted allele but not a fragment from the wild-type allele or targeting vector. The PCR primers were located in the 3Ј noncoding regions of the heterologous neomycin resistance gene (KO primers 1 and 2) and the endogenous receptor gene (wild-type primers 3 and 4). The first 20 cycles of PCR were performed with KO primer 1 (5Ј-GACCGCTATCAGGACATAGCG-3Ј) and wild-type primer 3 (5Ј-TCTTAGGTGTTGCTTCCAGGG-3Ј). KO primer 2 (5Ј-ACGGTATCGCCGCTCCCGATTC-3) and wild-type primer 4 (5Ј-CCCTGTAAGCCCTACACTCTT-3Ј) were used for the next 30 cycles. The wild-type allele was detected by a similar procedure except that KO primers 1 and 2 were replaced by wild-type primers 1 (5Ј-ATGGATATGT-TCAGTCTTGGC-3Ј) and 2 (5Ј-CAGGGCAACAACACCA-CAACG-3Ј), both corresponding to the 5Ј coding region of the receptor gene absent in the knockout allele. The wild-type primers could amplify a fragment only from the wild-type allele. Chimeras were generated by aggregation (33) from two ES cell lines (designated C9W and D8M). Two independent knockout (5-HT 1A R Ϫ ) mouse lines were established from these clones. Because the 129 sv genetic background (the standard background for knockouts) is not particularly suitable for behavioral testing, chimeras were backcrossed to SwissWebster mice to obtain heterozygotes. These F 1 animals were crossbred to produce homozygous F 2 mutants. Control nonchimeric littermates were similarly bred to control for a disequilibrium of genes that are linked to the mutation (34). F 2 progeny with two wild-type 129 sv 5-HT 1A R alleles were selected by single-strand length polymorphism. Single-strand length polymorphism analysis was based on the closest marker (D13MIT193, located 5.1 centimorgans from the 5-HT 1A R locus) (35) that showed a difference between the two genotypes. D13MIT193-specific primers (Research Genetics, Huntsville, AL) were used in standard PCR reactions and separated on 4% agarose gels. Amplified bands were approximately 130 and 110 bp long in Swiss-Webster and 129 sv mice, respectively.
Receptor Autoradiography. Brains were removed and kept at Ϫ80°C until assayed. Coronal sections were cut with a microtome cryostat at four neuroanatomical levels through the raphe, amygdala, septal nuclei, and, most anteriorly, through the nucleus accumbens and prefrontal cortex. Consecutive superimposable sections were used to determine total and nonspecific binding. NET-929) as described (36) . Nonspecific binding was determined in the presence of 1 M 5-HT. Both C9W and D8M cell-derived mice were investigated by autoradiography. Sections were exposed to Hyperfilm (Amersham) for 2 weeks.
Behavioral Studies. The open field test (37) used a black box (38.1 cm ϫ 53.3 cm), divided into 12 even-sized rectangles (7.6 cm ϫ 10.2 cm). The total number of crosses in the open field was recorded for 10 min to measure the locomotor activity. The time spent in and number of entries into the two rectangles at the center of the field were recorded to evaluate anxiety. In the forced swim test, mice were forced to swim in a clear, water-filled cylinder (diameter, 20.3 cm; depth, 10 cm), essentially as described by Porsolt et al. (38) . In this test, mobility of the mice is measured in blocks of 2 min for a total of 6 min. For the rotarod test, animals were placed on a rotating bar (five turns per minute) and the time spent on the rod without falling was recorded (39) . The best time in three trials was used for each mouse. Statistical significance was calculated by the independent t test. In all experiments, data for males and females were analyzed separately. Mice derived from C9W ES cells were used in all behavioral tests, but both 5-HT 1A R Ϫ mouse lines were evaluated in the open field test. Mice were cared for in accordance with institutional guidelines.
RESULTS
Analysis of the Knockout Genotype. A gene targeting vector was constructed by substituting a transcriptionally active neomycin resistance gene cassette for the 5Ј-coding region of the 5-HT 1A R gene (Fig. 1 A) . Homologous recombination between the targeting construct and the receptor allele resulted in a deletion that included the initiation codon and the first 123 bp of the coding sequence, inactivating the 5-HT 1A R gene. Initially, a PCR assay that was specific for the knockout allele was used to identify animals carrying the disrupted receptor allele (Fig. 1B Upper) . A wild-type-specific PCR assay differentiated between the homozygous and heterozygous mutant animals (Fig. 1B Lower) . The disruption of the receptor allele was confirmed by Southern blot (Fig. 1C) . In wild-type animals, the receptor-specific probe (Fig. 1 A) recognized an XbaI fragment (1.88 kb) that contained the entire coding region (1.27 kb), a section of the 5Ј untranslated region (0.12 kb), and a portion of the 3Ј untranslated region (0.49 kb). The XbaI fragment in the homozygous 5-HT 1A R Ϫ animals migrated relative to markers at about 3 kb, the sum of the wild-type allele (1.88 kb) and the neomycin resistance gene cassette (1.10 kb). As expected, heterozygote animals contained both the wild-type and the disrupted alleles.
The loss of the receptor at the protein level was demonstrated by receptor autoradiography using [ (Fig. 2) . In wild-type animals, a strong signal was detected in the hippocampus, and somewhat less activity was found in the cortex (Fig. 2 A Upper Left) . The receptor was also detected in the raphe nuclei (Fig. 2B Upper  Left) . No significant binding was measured in the presence of 1 M 5-HT in these regions, demonstrating a low nonspecific binding of [ Behavioral Analysis. The 5-HT 1A R gene was disrupted in two 129 sv -derived ES cell clones (C9W and D8M). Chimeric animals were generated from each of the two mutant ES cell lines. For behavioral analysis, the chimeras were crossed to Swiss-Webster mice to produce F 1 heterozygotes that were then crossbred to produce homozygous F 2 mutants. To control for disequilibrium of genes linked to the mutation (34, 40), wild-type 129 sv mice were similarly bred to produce F 2 animals with the 129 sv -derived 5-HT 1A R locus at both alleles and a distribution of linked genes similar to that in the mutant F 2 population. The two independent lines of homozygous mutant animals exhibited normal weight gain, fertility, and survival (data not shown).
Pharmacological data indicating that the 5-HT 1A R plays a role in anxiety (6) Fig. 3A shows that 5-HT 1A R Ϫ males entered into the center approximately three times less frequently (P Ͻ 0.05) than wild-type males (Fig. 3A) . The overall locomotor activities of mutant and wild-type males were not statistically different in the open field test [143.7 Ϯ 16.9 crosses (mean Ϯ SD) and 162.1 Ϯ 9.6 crosses, respectively]. In addition to the reduced number of entries into the center, receptor-deficient males spent approximately 4-fold less time in the center of the open field (P Ͻ 0.05) as compared with wild-type males (Fig.  3A) . When normalized to the number of entries into the center of the open field, time spent in the center (time per cross) was still less in the mutant group (Fig. 3A) . These changes in open field behavior were also observed in similar experiments with another 5-HT 1A R Ϫ mouse line derived from an independent ES cell clone (data not shown). Lack of the 5-HT 1A R also resulted in anxiety in females, but the effect was less pronounced than in males. 5-HT 1A R Ϫ females entered into the center of the open field, determined as the percent of total crosses, two times less frequently (P Ͻ 0.05) than wild-type females (Fig. 3B) . However, this difference was found only after normalization to total crosses, because mutant females showed an increased locomotor activity compared with wildtype females (239.5 Ϯ 28. tively). When normalized to the number of entries into the center, the time spent in the center (time per cross) was significantly reduced in the group of mutant females as compared with wild-type female mice (Fig. 3B) .
In addition to anxiety, the 5-HT 1A R also appears to play a role in the stress response (41) . Stress can be elicited by a number of stimuli including forced swim (42, 43) . Mice, when placed into a water-filled tank, show a stress-induced increase in mobility that can be quantified by measuring swimming and climbing activity. With habituation, mice become progressively less mobile during the 6 min test (Fig. 4) . The stressful nature of forced swim is demonstrated by the activation of the hypothalamic-pituitary-adrenal axis (44) and induction of the immediate-early gene c-fos in subcortical nuclei (lateral septal nucleus, bed nucleus of the stria terminalis, and hypothalamic and thalamic paraventricular nuclei) (45) . As shown in Fig. 4 , we tested whether receptor-deficient animals exhibit an altered response to swim stress. Interestingly, both 5-HT 1A R Ϫ males and females were significantly more mobile as compared with wild-type controls. No gender difference was observed in this test.
Performance in the rotarod apparatus, a test for motor and spatial coordination (46) 
DISCUSSION
The major finding of this study is that mice lacking the 5-HT 1A R display enhanced anxiety and an increased response to stress. These mutant animals grow and reproduce normally, so we assume that their somatic and sexual development is normal. The absence of major developmental abnormalities in the receptor-deficient animals suggests that either the receptor does not play an essential role during development or that the receptor loss is compensated for by redundant functions during development. In either case, pharmacological studies support the view that the receptor deficiency in adult animals is responsible for the behavioral abnormalities that we have observed (Figs. 3 and 4) . The anxiety level of test subjects can be modified by both 5-HT 1A R agonists and antagonists. Agonists are generally anxiolytics, whereas antagonists can have an anxiogenic effect (18, 26) . However, there are exceptions, and not all antagonists induce anxiety (25) . The difference between antagonists is likely because of variations in selectivity, distribution, and potency. Based on the fact that many antagonists are anxiogenics and that the mutant mice exhibit increased anxiety, we favor the hypothesis that the behavior of the mutant animals is because of the absence of the 5-HT 1A R in the adult animals. However, it will be necessary to produce conditionally deficient animals to exclude conclusively the possibility that a developmental defect contributes to the behavioral abnormalities that we have observed.
How can loss of the 5-HT 1A R lead to increased anxiety? It is known that the 5-HT 1A R is involved in the regulation of 5-HT release, either directly as is the case for presynaptic autoreceptors in the midbrain serotonergic nuclei or indirectly as for postsynaptic receptors in the hippocampus (18) . Proc. Natl. Acad. Sci. USA 95 (1998) 10737 inhibitory feedback, results in an increased activation of serotonergic neurons in the dorsal raphe nuclei that leads to an increased 5-HT turnover (22) . Mutant animals are predicted to lack the inhibitory feedback because of the loss of the 5-HT 1A R in the dorsal raphe nuclei (Fig. 2B) , and the altered behavioral responses of these mice could be caused by the absence of critical presynaptic regulation of 5-HT release, causing 5-HT to be augmented in stressful situations. The absence of postsynaptic 5-HT 1A R may also contribute to the altered behavior. Finally, the 5-HT 1A R likely interacts with other neurotransmitters, such as dopamine and norepinephrine. The absence of 5-HT 1A R could contribute to the altered behavioral responses of mutant mice, especially if compensation develops in the function of these neurotransmitter systems. The hypothesis that a hyperactive serotonergic system causes the anxietylike phenotype in the mutant animals is supported further by the notion that increased serotonergic neurotransmission is anxiogenic in animal models as well as in humans (47) (48) (49) (50) (51) . This hypothesis can be tested by measuring 5-HT turnover and extracellular 5-HT levels at baseline and after stress in the receptor-deficient animals. Although 5-HT 1A R Ϫ males and females showed a similar phenotype, anxiety was less prominent in female animals (Fig.  3) . Also, mutant females but not males showed an increased locomotor activity in the open field test. The cause of this gender difference is not known, but differences in response to serotonergic drugs of males and females have been observed (52) .
In addition to anxiety, 5-HT 1A R Ϫ animals demonstrated an increased mobility in the forced swim test (Fig. 4) . This might reflect the involvement of increased anxiety and emotional reactivity when mutant mice are exposed to inescapable stress. Alternatively, the behavior might reflect increased resistance to the development of behaviors associated with depression and antidepressants. Elevated serotonergic neurotransmission in the mutant animals could explain the changes in response in the forced swim test because stimulation of the 5-HT system increases the mobility of mice. For example, injection of the 5-HT precursor tryptophan increased the time that mice spent swimming in the forced swim test (53) .
Besides the 5-HT 1A R Ϫ mice, there are only a few rodent strains that display increased anxiety. The Maudsley reactive and nonreactive inbred rat strains were created as an animal model of anxiety by selective breeding. The Maudsley reactive strain shows a stable and reproducible deficit in an open field compared with the Maudsley nonreactive strain (54) . Similar differences in anxiety behavior have been described between recombinant inbred strains of mice (55) . Transgenic mice are proving to be useful models for exploration of the pathogenesis of anxiety. For example, the neuronal mechanism involved in anxiety, induced by corticotropin-releasing factor, was studied with corticotropin-releasing factor-overproducing transgenic mice (56) . The involvement of enkephalins in the modulation of anxiety has been discovered in a preproenkephalin knockout mouse strain (57) . The 5-HT 1A R Ϫ mice might prove to be useful in studies probing the involvement of the 5-HT system in anxiety-like behavior and anxiety disorders.
Our results raise the possibility that disturbances in the 5-HT 1A R and͞or its downstream signaling pathway could contribute to the development of certain forms of anxiety disorders. This notion is consistent with the well-established role of the 5-HT 1A R in controlling 5-HT levels, the association between high 5-HT levels and anxiety, and the anxiolytic properties of partial receptor agonists. An allelic variation in the human 5-HT 1A R has been recently identified (58) , but it is not yet known whether this polymorphism is functionally relevant.
